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Bit error rate performance is improved from a largc powcr penalty indicated by a floor at 10 to a peiialty of < IdB.
Introduction: A phase scrainbling (PS) technique has been invcstigated as a means for mitigating the detrimental effects of interferometric noise in optical links [l] . This type of noise may occur in integrated wavelength-selective devices such as InP-based optical cross-connects (OXCs). Owing to the compact size of a few millimetres and thc switching speed of a few nanoseconds, the InPbascd OXC is very attractive for packet switching applications. [3] . A theoretical study of PS for a single-channel pointto-point transmission has been published in [4] . In this Letter, wc report for the first time the application of the PS technique to a multi-channel 2 x 2 InP-based OXC in order to improve its performance. Without the PS, a 2.5GbiWs bitrate transmission showed poor performance due to interferometric crosstalk and bit error rate (BER) floors occured at IO-! By using the PS, error-free transmission with a penalty of < 0.5dB is obtaincd. This rcsult demonstrates clearly the potential of the PS technique in WDM networks employing OXCs for which tlie crosstalk performance does not yct fully comply with the stringent telecom requirements.
Experimerrtal setup: A four-channel integrated InP-based OXC was placed in the experimental setup (Fig. 1) . Four DFB lasers provided CW sources at wavelengths of 1551.0, 1554.2, 1557.4 and 1560.6nm. Pseudorandom uonreturn-to-mo (NRZ) data of a sequence length of 2'' -1 was encoded at a bit rate of 2.5Cbitis using an extemal modulator to gencrate optical signals with narrow spectra. The four channels were subsequently scrambled in phase by tlie phase scrambler section to broaden their spectra, and
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amplified by an EDFA before being split to create two paths for feeding both input ports of the OXC. To obtain two uncorrelatcd input signals, we inserted a delay fibre in one arm before thc input. The delay fibre was chosen to be much longer than the coherence length of each laser sonrce. Two polarisation controllcrs were used to maximise the detrimental effects of interfcromctric hcating noisc. Thc combiiiatior of the powcr splittcr and palarisation controllers creatcd a worst-case condition in the setup: wavelength and polarisation alignment. The expcrimental results represent, therefore, the worst-case crosstalk perforinancc that may occur in WDM networks. To couple tlie signals into and out of the OXC, we adopted thc same tcchniquc as [5] . Aftcr travelling througli thc single-phase array OXC, the channels were amplified to compensate for fibre-to-fibre losses. The BER evaluation for each channel was performed by an optical demultiplexer (bandwidth 90GHz) for channel selection and a variablc attenuator before thc rcccivcr for input powcr adjustmcnt. The receiver consisted of an 1nGaAs pin photodiode followed by a variable gain clectrical amplifier to boost the photocurrent. The electrical bandwidth of the receiver circuit is I.SGHz, which is sufficient to detect 2.5Gbilis signals without significant signal distortion. Thc phase scrambler section was realised by using a phase modulator driven by a noise signal. Tlic noise signal was made by mixing a 200MHz band-limitcd white noise source with an R F signal. The obtaincd noisc signal caused a phasc deviation of the value z and it was ccntrcd at thc RF frequency of 2.5GHz. The spectrum of the 2.5Gbitis signal due to the PS is shown in Fig. 2 fibre-to-fibre losses are -26dB and that the crosstalk levels arc quite high, varying from -1SdB for channel I to ~~1 7 d B for channcl 4. The measured BER values are shown in Fig. 3 for channel 1 (a) and channel 2 (I]), reprcscnting the outer and inncr channel in WDM systems for three situations: no crosstalk, crosstalk witliout PS, and crosstalk with PS. The solid curves were obtained by curve fitting the mcasured values. The receivcr scnsitivity for both channels in the case of no crosstalk (0) was measured to be around -2S.6dBm Tor BER = IO 9. When both inputs of the OXC were used (0), channel I pcrfornied slightly worse than channel 2 due to its larger crosstalk Icvcl. Their BUR values show floors at 10 ' and respectivcly, which indicates poor transmission perfornmice. By using PS (A), the signal spectra were slightly widened so that a part of tlie signal-crosstalk heat power was moved to the frequency spectrum outside the receiver bandwith. Thc detrimental cffccts of the heat power wcrc significantly mitigated such that the receiver sensitivity was enhanced to ii valuc close to the case of no crosstalk. Wc measured a receiver sensitivity of -2SdBm. This means that the crosstalk penalty was rednccd from a very large value (corresponding to the RER floor) to 0.6dB with an increase in the speclral width of only 0.07Snm. RER cvaluitions of channels 3 and 4 showed a similar improvemenl if thc same PS format is used. The effcctivcness of this PS techniquc is only limited by thc interplay between thc spectral widening and the fibre chromatic dispersion on tlie one hand and tlie WDM channel spacings on the other hand. Wider spectra will not only introduce a largcr dispersion penalty, hut thcy may also exceed the very small channcl spacings in a dense WDM nctwork. penalty of only 0.6dB in the reccivcr sensitivity was experimentally shown. This result shows that phase scrambling cnables us to work with WDM &vices whose perrormancc is dcgraded by relaLivcly high crosstalk levels.
